The one-carbon metabolism pathway disorder was important role in successful pregnancy. The MTHFR and TS protein were crucial factor in one-carbon metabolism. To investigate the association between recurrent implantation failure (RIF) and enzymes in the one-carbon metabolism pathway. A total of 120 women diagnosed with RIF and 125 control subjects were genotyped for MTHFR 677C>T, 1298A>C, TSER 2R/3R and TS 1494del/ins by a polymerase chain reaction-restriction fragment length polymorphism assay. According to the gene-gene combination analysis, the MTHFR 677/MTHFR 1298 (TT/AA) and MTHFR 677/ TS 1494 (TT/6bp6bp) genetic combinations were associated with relatively higher risks [adjusted odds ratio (AOR), 2.764; 95% CI, 1.065-7.174; P = 0.037 and AOR, 3.186; 95% CI, 1.241-8.178; P = 0.016] in RIF patients compared to the CC/AA (MTHFR 677/MTHFR 1298) and TT/6bp6bp (MTHFR 677/TS 1494) combinations, respectively. The results suggested that the combined MTHFR 677/MTHFR 1298 genotype might be associated with increased risk of RIF. To the best of our knowledge, this study is the first to elucidate the potential association of MTHFR, TS and TSER polymorphisms with RIF risk in Korean patients.
Introduction
Recurrent implantation failure (RIF) is one of the most common reproductive disorders observed at in vitro fertilization (IVF) clinics. RIF is defined as implantation failure following
Materials and Methods

Participants
The study population consisted of 225 female participants recruited from the Department of Obstetrics and Gynecology of CHA Bundang Medical Center, CHA University (Seongnam, Korea) between March 2010 and December 2012 who were experiencing RIF (n = 120) or served as controls (n = 125). The clinical characteristics of the participants are summarized in Table 1 . The mean age of the RIF patients and the controls was 34.23 ± 3.33 and 32.75 ± 7.47, respectively ( Table 1) .
The study was approved by the Institutional Review Board of CHA Bundang Medical Center reviewed on 23 February 2010 (reference no. PBC09-120) and all patients provided written informed consent.
Serum human chorionic gonadotropin (hCG) concentrations were less than 5 mIU/mL 14 days after embryo transfer. All transferred embryos were examined by the embryologist before transfer and were deemed to be of good quality. We evaluated both the male and female partners in couples experiencing RIF. Subjects who were diagnosed with RIF due to anatomic, chromosomal, hormonal, infectious, autoimmune, or thrombotic causes were excluded from the study group. Anatomical abnormalities were evaluated using several imaging modalities including sonography, hysterosalpingogram, hysteroscopy, computerized tomography, and magnetic resonance imaging. Karyotyping was conducted using standard protocols. Hormonal causes including hyperprolactinemia, luteal insufficiency, and thyroid disease were excluded by measuring prolactin, thyroid-stimulating hormone, free T4, follicle-stimulating hormone, luteinizing hormone, and progesterone levels in peripheral blood. Lupus anticoagulant and anticardiolipin antibodies were examined to rule out autoimmune diseases such as lupus and antiphospholipid syndrome. Thrombotic disorders were defined as thrombophilia and were evaluated by protein C and protein S deficiencies and by the presence of anti-α2 glycoprotein antibody. Among the initial 167 patients evaluated, 47 who had intrauterine adhesion, hypothyroidism, trisomy and chromosomal translocation (patients or spouses), or antiphospholipid syndrome were excluded from the patient group, leaving 120 patients for the study. Enrollment criteria for the control group included regular menstrual cycles, normal karyotype (46XX), a history of at least one naturally-conceived pregnancy, and no history of pregnancy loss. Data were collected identically for both groups.
Genotyping
Genomic DNA was extracted from patient peripheral blood samples using a G-DEX(TM) blood extraction kit (iNtRON Biotechnology, Seongnam, South Korea). All of the genetic polymorphisms were detected by polymerase chain reaction (PCR) amplification and restriction enzyme digestion. The PCR primers for each polymorphism were as follows: MTHFR 677C>T, forward 5'-TGA AGG AGA AGG TGT CTG CGG GA-3' and reverse 5'-AGG ACG GTG CGG TGA GAG TC-3'; MTHFR 1298A>C, forward 5'-CTT TGG GGA GCT GAA GGA CTACTA C-3' and reverse 5'-CAC TTT GTG ACC ATT CCG GTT TG-3'; TSER 2R/3R, forward 5'-CGT GGC TCC TGC GTT TCC-3' and reverse 5'-GAG CCG GCC ACA GGC ATG-3'; and TS 1494 0bp/6bp, forward 5'-CAA ATC TGA GGG AGC TGA GT-3' and reverse 5'-CAG ATA AGT GGC AGT ACA GA-3'.
The MTHFR 677C>T and MTHFR 1298A>C polymorphism PCR products were confirmed by restriction enzyme digestion with HinfI and Fnu4HI (New England BioLaboratories, Ipswich, MA, USA). For MTHFR 677, a 203 bp undigested PCR product indicated the CC genotype, three bands at 203, 173, and 30 bp, respectively, indicated the heterozygous CT genotype, and two bands at 170 and 30 bp, respectively, indicated the homozygous TT genotype. 28 bp tandem repeats for the TSER 2R/3R polymorphism were confirmed by electrophoretic separation on 4% agarose gels. All of the digestion reactions were performed at 37°C for several hours, depending on the enzymes. All genotypes were confirmed in triplicate to rule out genotyping errors due to a violation of the Hardy-Weinberg equilibrium (HWE). In addition, some of the PCR products were randomly chosen for DNA sequencing using an ABI 3730xl DNA Analyzer (Applied Biosystems, Foster City, CA, USA).
Statistical analysis
Differences in genetic frequencies of the polymorphisms between patients and control subjects were compared using Fisher's exact test and logistic regression. The odds ratio (OR) and 95% confidence interval (CI) were used as a measure of the strength of the association between genotype frequencies and RIF. The OR and 95% CI were also used to assess the relationship between each specific polymorphism and allele combination. The polymorphisms with RIF incidence was calculated using adjusted ORs (AORs) and 95% CIs from logistic regression adjusted for age. Statistical significance was accepted at a level of P < 0.05. The false discovery rate (FDR) correction was performed to adjust for multiple comparisons. All of the polymorphisms were in HWE (P > 0.05). Statistical analyses were performed using Graphpad Prism 4.0 (Graphpad Software, Inc., San Diego, CA, USA), StatsDirect software version 2.4.4 (StatsDirect Ltd., Altrincham, UK), HaploView 4.1 (Broad Institute of MIT and Harvard, Boston, MA, USA), and HAPSTAT 3.0 (University of North Carolina, Chapel Hill, NC, USA). Genegene interaction analysis was performed using the open source multidimensional reduction (MDR) software package v.2.0 (www.epistasis.org). All possible combinations of the polymorphisms were studied using the MDR analysis to determine the combinations with strong synergistic effects.
Results
The clinical characteristics of all participants are summarized in Table 1 . The average number of live births and length of gestation of control subjects were 1.78 ± 0.74 and 39.36 ± 1.66, respectively. RIF patients had no live births and 17 RIF patients had verified histories of recurrent pregnancy loss (Table 1) .
To examine the relationship between RIF and polymorphisms in major folate metabolism enzymes and associated genetic enhancer regions, seven alleles were chosen, including MTHFR 677, MTHFR 1298, TSER, and TS 1494. The genotype and frequency of the genetic polymorphisms are summarized in Table 2 , S1 (Table 3) . The combined genotype analysis results that indicated an association with RIF risk included MTHFR 677TT/MTHFR 1298AA [adjusted odds ratio (AOR), 2.764; 95% CI, 1.0665-7.174; P = 0.037], MTHFR 677TT/TS 1494 0bp6bp+6bp6bp (AOR, 3.185; 95% CI, 1.241-8.178; P = 0.016), and MTHFR 1298AA/TS 1494 0bp6bp+6bp6bp (AOR, 1.945; 95% CI, 1.024-3.694; P = 0.042). In addition, the combined genotype analyses, ranked according to the number of implantation failure, are presented in S3 Table. However, the MTHFR 1298AA/ TS 1494 0bp6bp+6bp6bp was not significant in patients without RPL (S4 Table) .
To investigate the allele combinations of the MTHFR 677, MTHFR 1298, TS 1494, and TSER polymorphisms, we carried out gene-gene interaction analysis using the haplotype-based MDR method (Table 4) . The results of the MDR analysis revealed that allele combinations increased the relative risk of RIF. The MTHFR 677/MTHFR 1298/TSER/TS 1494 allele combination (C-A-3R-6bp and T-A-2R-6bp) was significantly higher in RIF patients than in control subjects. The OR of the combined polymorphisms (C-A-3R-6bp) was 3.678 (95% CI, 1.363-9.929) and the OR of T-A-2R-6bp was 2.885 (95% CI, 1.222-6.814) when the reference combination was C-A-3R-0bp. In addition, the MTHFR 677/MTHFR 1298/TSER 238, MTHFR 677/ MTHFR 1298/TS 1494, MTHFR 677/TSER 238/TS 1494, and MTHFR 1298/TSER 238/TS 1494 allele combinations increased the risk of RIF. The OR of the combined alleles (T-A-2R) was 2.407 (95% CI, 1.166-4.970) in the MTHFR 677/MTHFR 1298/TSER 238 combination. As well, the T-A-0bp (MTHFR 677/MTHFR 1298/TS 1494) increased the risk of RIF (OR, 1.964; 95% CI, 1.109-3.478). Further, the T-2R-6bp (MTHFR 677/TSER 238/TS 1494) and the A-3R-6bp (MTHFR 1298/TSER 238/TS 1494) allele combinations had higher ORs of 2.395 (95% CI, 1.036-5.534) and 1.788 (95% CI, 1.029-3.107), respectively. In particular, the risk of RIF in patients carrying the combined MTHFR 677/MTHFR 1298/TSER 238/TS 1494 (C-A-3R-6bp) or MTHFR 677/MTHFR 1298/TSER 238 (T-A-2R) alleles increased 3.7 and 2.4 times, respectively, compared to women with the C-A-3R-0bp or C-A-3R reference alleles. The risk of RIF was not altered when the reference was the value combined, except in the self in haplotype- based MDR analysis. In contrast, the MTHFR 677/MTHFR 1298/TSER 238/TS 1494 (C-A-2R-6bp) and MTHFR 677/MTHFR 1298/TS 1494 (C-A-2R) allele combinations exhibited protective effects compared to the reference allele combinations. The ORs of C-A-2R-6bp and C-2R-6bp were 0.045 (95% CI, 0.003-0.765) and 0.345 (95% CI, 0.147-0.812), respectively (Table 4) , which suggested that patients with C-A-2R-6bp allele combination reduced risk of RIF. In addition, the MTHFR 677/TSER 238 (C-2R and T-2R) was significantly association with RIF risk (S5 Table) .
The results of the MTHFR 677C>T screening is summarized in Fig 1. We were search association study between MTHFR 677C>T polymorphism and RIF, found 3 studies in PubMed database (http://www.ncbi.nlm.nih.gov/pubmed). A total of 364 controls and 351 patients Table) .
Discussion
At present, the relationship between RIF and polymorphisms in genes that encode major folate metabolism enzymes remains unclear. However, in this study, we demonstrated that patients carrying the MTHFR 677 and MTHFR 1298 alleles in combination with the TS 1494 polymorphism had a significantly higher risk of experiencing RIF. Successful implantation begins with proper implantation of the embryo in a receptive uterine endometrium. Afterward, the endometrium undergoes dynamic morphological and functional changes to become receptive to the embryo during early implantation [12] . In addition, the uterus undergoes cellular processes, including DNA synthesis and angiogenesis, which are required for cell proliferation and decidualization, and for orchestrating complicated implantation processes. Hence, DNA synthesis and homeostasis are important during this process. As well, folate acts as a methyl group carrier for the targets and is required for the homeostasis of the one-carbon metabolism pathway. One of the forms of folate is 5,10-MTHF, which can be used for the synthesis of either methionine or dTMP. Methionine is synthesized by the transfer of a 5-MTHF methyl group to homocysteine, whereas dTMP is generated by the transfer of a 5-MTHF methyl group to deoxyuridine monophosphate (dUTP) [13] .
The one-carbon metabolism pathway is precisely regulated by two critical enzymes, MTHFR and TS. Further, MTHFR generates 5-MTHF from 5,10-MTHF [13, 14] , and is located on the short arm of chromosome 1 (1p36.3 [15] . MTHFR 677C>T, a polymorphism of MTHFR, leads to the conversion of the amino acid alanine to valine, resulting in decreased MTHFR activity and impaired enzyme activity [16] . Also, the MTHFR 677C>T polymorphism is associated with various diseases, including stroke, hypertension, and cancer [reviewed in [9, 17] ]. The A and C nucleotides are involved in the MTHFR 1298 polymorphism, but the MTHFR 1298A allele is more common than the 1298C allele. The MTHFR 1298A>C polymorphism leads to the substitution of alanine for glutamine at amino acid 429, but the mutation does not affect the thermolability or FAD release activity functions of the MTHFR protein, or the protective effects of 5-methyl-THF [18] . Several recent reports have demonstrated an association between the one-carbon metabolism enzymes and recurrent spontaneous abortion [19] [20] [21] . In addition, idiopathic infertile women exhibit an increased frequency of MTHFR 677C>T polymorphisms compared to control women [22] . Safdarian et al. reported association between MTHFR 677C>T and RIF risk in term of hereditary thrombophilia [23] .
Thymidylate synthetase catalyzes the conversion of dUMP to dTMP by oxidation of 5,10-MTHF [24] . As well, dTMP is required for de novo DNA synthesis. Further, two TSER and TS 1494 polymorphisms affect the transcription and translation of the TS gene [25] . The 5'-untranslated region (UTR) of TSER contains 2R and 3R repeats of 28 bp sequences, and the 3'-UTR of TS 1494 has either a 6 bp deletion or insertion, which results in the modulation of TS expression and stability [25] [26] [27] [28] . However, little is known regarding the effect of TSER and TS polymorphisms on RIF. Recently, we reported that the TSER 2R2R and TS 6bp6bp combined genotype was associated with cancer [29] , which suggests that the presence of these combinations might affect susceptibility to RIF.
The results of our previous studies established an association between polymorphisms in folate metabolism-related genes (MTHFR 677C>T, 1298A>C, TSER 2R/3R, and TS 1494 0bp/ 6bpins/del) and increased risk of reproductive diseases, including RPL, premature ovarian failure, and spontaneously aborted embryos in the Korean population [30] [31] [32] [33] [34] . However, these studies only showed the difference in genotype frequencies between control subjects and patient groups. In addition, we have identified an indirect effect of the MTHFR 677C>T, 1298A>C, and TSER 2R/3R polymorphisms on RPL [35] . In previous study, MTHFR gene polymorphisms (677C>T and 1298A>C) were reported association between maternal, fetal and paternal in RPL risk by meta-analysis [36] . These meta-analyses of RPL and our screening data of RIF were suggestion that MTHFR 677C>T was considered to crucial genetic factor during implantation, or maintaining pregnancy. In this study, one interesting result was the indication that the MTHFR 677TT/1298AA and MTHFR 677TT/TS 1494 0bp6bp+6bp6bp combinations conveyed increased risk of RIF occurrence. In addition, we identified relationships between the MTHFR/TSER/TS genetic polymorphisms and risk of RIF in Korean women. The genetic combinations of MTHFR 677/MTHFR 1298/TSER, TS 1494 (C-A-3R-6bp), and MTHFR 677/MTHFR 1298/TS 1494(C-A-6bp) increased the risk of RIF compared to the risk associated with each reference combination.
We also performed a screening of published studies to investigate the genetic association between MTHFR 677C>T and the risk of RIF, which revealed that MTHFR 677C>T increased the risk of RIF. However, this study has some limitations. First, the lack of clinical parameters, such as vitamin B6, inflammatory cytokine and hormone levels in RIF women remains to be investigated. Second, the sample size (number of included studies) was so small; therefore, we cannot rule out the possibility of the results being biased, although no significant publication bias was found.
In conclusion, these interesting findings indicated that the combined MTHFR, TSER, and TS genotypes could potentially be novel diagnostic markers for evaluating the risk of experiencing RIF. However, due to the small number of patients and clinical insufficiency, further studies are required to confirm our conclusions. Nonetheless, the results of the current study provided us with a better understanding of idiopathic RIF and the relationship between RIF and polymorphisms in genes that encode major folate metabolism enzymes.
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